Sickle cell anaemia is a hereditary disease branded by an upsurge in generation of ROS, irregular iron release and little or no antioxidant activity which can lead to cellular injuries due to oxidative stress resulting in severe symptoms including anaemia and pain. The disease is caused by a mutated version of the gene that helps make haemoglobin, the protein that carries oxygen in red blood cells. We used in silico and in vitro experiments to examine the antisickling effects of rutin for the first time by means of before and after induction approaches in sickle erythrocytes. Rutin was docked against deoxy-haemoglobin and 2,3-bisphosphoglycerate mutase, revealing binding energies (-27.329 and -25.614 kcal/mol) and K i of 0.989μM and 0.990 μM at their catalytic sites through strong hydrophobic and hydrogen bond interactions. Sickling was thereafter, induced at 3 h with 2% metabisulphite. Rutin prevented sickling maximally at 12.3μM and reversed same at 16.4μM, by 78.5% and 69.9%, one-to-one. Treatment with rutin significantly (P < 0.05) reinvented the integrity of erythrocytes membrane as evident from the practical % haemolysis compared to induced erythrocytes. Rutin also significantly (P < 0.05) prevented and reversed lipid peroxidation relative to untreated. Likewise, GSH, CAT levels were observed to significantly (P < 0.05) increase with concomitant significant (P < 0.05) decrease in SOD activity based on administration of rutin after sickling induction approach. Furthermore, FTIR results showed that treatment with rutin favourably altered the functional chemistry, umpiring from shifts and functional groups observed. It can thus be deduced that, antisickling effects of rutin may be associated with modulation of deoxy-haemoglobin, 2,3-bisphosphoglycerate mutase, alteration of redox homeostasis and functional chemistry of sickle erythrocytes.
Introduction
Sickle cell disease (SCD) is the most prevalent hereditary haematological disease in the world (Wastnedge et al., 2018) . It is a disease caused by a mutated version of the gene that helps make haemoglobin, a protein that carries oxygen in red blood cells. Equally, the most common genetic cause of morbidity and mortality in Africa with a higher proportion of cases in Sub-Sahara Africa (Bello-Manga et al., 2016) . In Nigeria, which has a population of about 170 million, it is estimated that about 20-30% of the population are carriers of the sickle cell trait while about 2-3% of the population have SCD (Adewoyin, 2015) . The challenges associated with SCD made the World Health Organization (WHO) to declare Sickle Cell Anaemia a public health priority (Makani et al., 2013) . It has been reported that poor nutrition, inadequate health care facilities and high orthodox treatment costs, are factors that further exacerbate anaemia in children with SCD (Tluway et al., 2018) .
Sickle cell disease (SCD) is a condition associated with a number of disorders due to a mutation in a single nucleotide in the beta globin gene resulting in sickle shaped haemoglobin (Makani et al., 2013) . Sickle shaped haemoglobin has relatively lower capacity for oxygen supply to tissues, causing damage to vascular endothelial cells resulting in altered vascular tone and vascular adhesion (Sedrak and Kondamudi, 2018) . The capacity of red cells to transport oxygen from lungs to tissues is particularly dependent on the reversible binding of oxygen to Fe (II) haemoglobin (Forget and Bunn, 2013) .
Any condition that affects the autoxidation of haemoglobin, results in increased generation of superoxide radical, which is more pronounced at lower oxygen pressures (Rifkind et al., 2013) . Increased generation of the superoxide radical can enhance the generation and levels of other reactive oxygen species like peroxyl radical which is the predominant free radical generated in the human body, eventually causing oxidative stress (Oztas and Yalcinkaya, 2017) . The increased autoxidation rate of sickle haemoglobin thus has a two-face impact on SCD pathogenesis: oxidative damage resulting in ischemia-reperfusion injury and depleted antioxidant capacity of circulating erythrocytes (Oztas and Yalcinkaya, 2017) .
Another factor that contributes to increased polymerization of sickle haemoglobin, is the elevated levels of the molecule 2,3-bisphosphoglycerate (2,3-BPG), which under normal conditions, binds to deoxyhaemoglobin, thereby stabilizing it and reducing oxygen affinity (Oslund et al., 2017) . However, in SCD, the binding of 2,3-BPG to deoxy-Hb S decreases the solubility of deoxy-Hb S (Poillon et al., 1995) . Therefore, an agent that reduces the level and activity of 2,3-BPG mutase in SCD patients, should have anti-sickling effects by ameliorating the vaso-occlusive severity seen in SCD (Poillon et al., 1995) .
Rutin (quercetin-3-rhamnosyl glucoside) is a natural flavone derivative discovered as early as the 19 th century in buckwheat, but has been found to be present in other fruits and vegetables (Yang et al., 2008) . It is a low molecular weight polyphenolic compound that has been studied for its antioxidant properties in relation to human health and disease prevention (Cristina Marcarini et al., 2011; Yang et al., 2008) . Recently, from our laboratory we reported the antioxidant, anticlastogenic and DNA-protective effects of rutin at in vitro and in vivo levels . It has also been shown to be protective against ROS-induced oxidative stress and inflammation (Nafees et al., 2015) which are conditions implicated in SCD. It has also been reported to exert antiplatelet effects as well as strengthening the capillaries of blood vessels (Guo et al., 2007) which are properties that could be beneficial in protecting against endothelial damage due to oxidative stress in SCD. Even though recent studies (Henneberg et al., 2013) have shown that rutin as an antioxidant, protects against damage caused by excess reactive oxygen species characteristic of sickle cell anaemia treated with hydroxyurea, which suggests an additional protective effect associated with the use of flavonoids, however, the work was basically on protection and/or amelioration not on reversal against metabisulphite-induced sickling which forms the central dynamics of this study. The possible role of deoxygenated haemoglobin and that of 2,3-bisphosphoglycerate mutase were also not captured or highlighted in their studies (Henneberg et al., 2013) . Furthermore, more studies (Cesquini et al., 2003) has revealed in a comparative passion that quercetin protect against sickling much better than rutin, probably due to their diverse physic-chemical properties, however, a study on before and after induction effects of rutin as well as mechanism of action related to antisickling is still inadequately addressed. Therefore, this study examined the antisickling effects of rutin for the first time by means of before and after induction approaches in sickle erythrocytes. The answers from this study will go a long way in adding to the prevailing knowledge of discovering natural products in combating and managing SCD and its metabolic complications.
Materials and methods

Chemicals and reagents
Rutin (610.517 g/mol, !94% purity) was synthetic and purchased from Sigma Chemical Co (St. Louis, MO, USA). All other chemicals/reagents used were of analytical grade until otherwise stated.
Molecular docking
The structure of a ligand; rutin (5280805) was retrieved from major ligand data base, PubChem. A PDB format of the target proteins; deoxygenated haemoglobin (PDB ID: 3WCU) and 2,3-bisphophoglycerate mutase (PDB ID: 3NFY) were gotten from protein data bank. The proteins preparation and energy minimization were done using Discovery studio 2.5v. The CHARMm-based DOCKER program was used to score the interaction between the proteins and the ligand (rutin) into the crystal structure of the receptors binding pockets. The PDB files of the best docked conformation were generated using Accerlrys discovery studio and, were imported into Chimera 1.1v to view the hydrophobic and hydrophilic interactions. The binding energies and kinetic inhibition constants were equally calculated.
Experimental
Ethics
All experiments were carried out under the ethical approval of ABUTH Scientific and Health Research Ethics Committee (ABUTH/ HREC/UG/6), in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments.
Blood collection
About 5 mL of blood was collected humanely by venepuncture from seven (7) confirmed people living with sickle cell anaemia who were not in crises at Haematology Department, of Ahmadu Bello University Teaching Hospital (ABUTH), Zaria, Kaduna State, Nigeria. They were aged between 19 and 32 years of both sexes, and in reasonable stable condition. They were informed and provided their consent prior to the experiment. Blood was collected in sodium ethylenediaminetetraacetic acid bottles, and the content carefully mixed by gently rolling the bottle. Notwithstanding, all experiments were carried-out with freshly collected blood samples within 24 h of collection at 4 C.
Extraction of erythrocytes
The obtained homozygous HbS blood samples were spun at 2000 Âg for 10 min. The resultant plasma was cast-off to obtain the erythrocytes. The erythrocytes were then suspended in phosphate buffered saline (PBS), spun and the supernatant discarded. This was repeated thrice, after which the washed erythrocytes were resuspended in PBS and immediately used for assays.
Induction of sickling, antisickling and osmotic fragility assays
Exactly 0.1mL of the washed erythrocytes were mixed with 0.1mL of freshly prepared 2% sodium metabisulphite in a clean test tube and thereafter, incubated in water-bath at 37 C for 3 h. A drop of the mixture was then smeared on a microscope slide, fixed with 95% methanol, dried and stained with 5% Giemsa (pH 7.2) for 30 min (Egunyomi et al., 2009) . It was then examined under a microscope (Â100 magnification). Aliquots were taken at 30 min interval for up to 3 h. The counting of cells was carried out by viewing from different fields (5 Fields) across the slide. The numbers of both sickle and unsickle cells were counted and the percentages of cells unsickle determined using the formula:
(%) Unsickle ¼ Number of unsickle cells Â 100/Total number of cells
For antisickling assay using rutin at different concentrations of 4. 1, 8.2, 12.3, 16.4 and 20.5μM , the above protocol was also adopted for before and after induction approaches. The before induction approach involved treating the cells with the said concentrations before induction using 2% sodium metabisulphite and vice-versa for after induction approach. Equally, osmotic fragility (haemolysis) test was conducted against after selecting the best concentration as previously described (Kraus et al., 1997; Muhammad et al., 2016) . Briefly, dilutions with equal volumes of erythrocyte and phosphate buffer saline (pH 7.4) were made.
This was followed by successive addition of 100 μL of rutin to the experimental tubes excluding control in which phosphate buffer saline was added. Contents of experimental tubes were mildly shaken and thereafter, allowed for 4 h incubation at 37 C. Then, samples were spun at 2000 Âg for 5 min and absorbance determined at 540 nm. Subsequently, the same concentration with best antisickling effect was also used for redox and FTIR analyses respectively. A single control which consisted of induced sickle cells with 2% sodium metabisulphite was employed in this bioassay.
Evaluation of rutin for redox sensitive biomarkers in sickle erythrocytes
The effective antisickling concentrations (12.3μM for before and 16.4μM for after induction studies) were incubated with 100 μL sickle erythrocytes for 3 h at 37 C as previously described in the above section (Muhammad et al., 2016) . Thereafter, the cells were spun and the supernatant assayed for reduced glutathione (GSH) (Ellman, 1959) lipid peroxidation (Chowdhury and Soulsby, 2002) , SOD (Kakkar et al., 1984) and catalase levels (Chance and Maehly, 1955) .
Fourier transform-infrared (FTIR) spectroscopy analysis of treated sickle erythrocytes
The effective antisickling concentrations (12.3μM for before and 16.4μM for after induction studies) were incubated with 100 μL sickle erythrocytes for 3 h at 37 C as previously described in the above section, while adopting the methods of Erukainure et al. (2017) . After treatment, the samples were dehydrated under pressure and sandwiched between potassium bromide. They were then perused on FTIR spectrophotometer at room temperature (25 0 C-28 C) at 1000-3500 cm À1 spectral range.
The peak heights were utilised in identifying the functional groups present by relating to the IR spectroscopy correlation table.
Statistical analysis
The experiments were repeated at least thrice. Where appropriate, the results were presented as mean AE standard deviation (SD). The data were analysed using student t-test with the aid of Statistical Package for Social Sciences (SPSS) software, SPSS Inc., Chicago, Standard version 20.00. P < 0.05 was considered statistically significant for differences in means using Dunnett post hoc test.
Results
Findings from molecular docking demonstrate that rutin was able to securely dock with robust binding affinity into the active spot of the receptors; deoxygenated haemoglobin and 2,3-bisphosphoglycerate mutase (Tables 1 and 2 ), suggestive of a probable impounded and inhibitory properties via hydrogen and hydrophobic interactions (Figs. 1  and 2 ). This may as well signify the facts that rutin could have a sequestrating effects against these biomolecules.
Sequel to the predictions based on docking that rutin may actually control deoxygenated haemoglobin and 2,3-bisphosphoglycerate mutase via strong hydrophobic and hydrophilic interactions, we advanced with antisickling studies by means of before and after induction approaches. To achieve that, 2% metabisulphite was ab initio used to induce sickling because the said blood donors were not in crises as at the time of collection. From Table 3 , we were able to outstandingly induce sickling at 3h by 74.2%. Essentially, 3h was adopted for our supplementary assays. Remarkably, rutin administration was able to prevent sickling maximally at 12.3μM (Table 4) and reversed same at 16.4μM (Table 5) , by 78.5% and 69.9%, respectively (Fig. 3) . Thus, 12.3μM and 16.4μM were selected for further analyses since the observed sickling-preventive effects were not dose-dependent. By inference, IC 50 calculation is not essential instead we used the best concentrations. Membrane stability of erythrocytes is crucial to antisickling effects. As seen in Fig. 4 , treatment with rutin significantly (P < 0.05) restored the integrity of erythrocytes membrane as evident from the observed % haemolysis relative to control (induced erythrocytes and without treatment) adjudicating from before and after induction approaches (Fig. 4) .
From Table 6 , administration of rutin significantly (P < 0.05) prevented and reversed lipid peroxidation as evident from the level of MDA produced relative to control. The same trends were observed for GSH, CAT and SOD except that CAT and SOD activities were also significantly (P < 0.05) lowered relative to untreated, based on after induction approach.
Based on the observed increase in lipid peroxidation and undesirable effects on the part of GSH, CAT and SOD vis-a-vis higher % haemolysis owing to sickling induction, it will be almost impossible that the threedimensional structure of lipid bilayer and proteins could not be affected so also their functional chemistry. Judging from FTIR results (Tables 7, 8 , and 9), it could be seen that there was a favourable alteration on the part of functional chemistry in terms of shifts (bend and stretches) (Fig. 5 ) and functional groups observed as compared to induced erythrocytes (Fig. 5) .
Discussion
Sickle cell anaemia is a hereditary disease branded by an upsurge in generation of ROS, abnormal iron release and little or no antioxidant activity which can lead to cellular injuries due to oxidative stress (Cesquini et al., 2003) . It is a monogenic, haematological and multi-organ ailment linked with progressive organ injury leading to chronic and acute illness (Pule et al., 2016) . It is basically caused by a point mutation (A to T) in the sixth codon of the β-globin gene on chromosome 11, leading to substitution of the amino acid glutamic acid to valine (Pule et al., 2016) . The resulting HbS leads to polymerization and precipitation of haemoglobin during deoxygenation or dehydration paving way for sickling exacerbated by higher level of 2,3-bisphosphoglycerate (Poillon et al., 1995) , irregular adhesion of leukocytes and platelets, inflammation, hypercoagulation, haemolysis and hypoxia. This is in addition to microvascular impediment and in due course tissue damage (Mpiana et al., 2007; Imaga, 2013) .
Utilization of natural products in efforts at inhibiting sickling may perhaps be as old as when the SCD was revealed (Egunyomi et al., 2009 ). This may as well serve as a foundation of a paradigm shift from synthetic drugs to medicinal plants which are naturally endowed with bioactive compounds harbouring strong biochemical effects including antisickling (Imaga, 2013 ). An example of such compounds is rutin present in buckwheat, fruits and vegetables (Yang et al., 2008) . These sources are of course readily available within and around our microenvironment for Table 4 Antisickling effect of rutin using before induction approach. Table 5 Antisickling effect of rutin using after induction approach. consumption. In this communication here in, we examined the antisickling effects of rutin for the first time by means of before and after induction approaches in sickle erythrocytes, while using in silico and in vitro models. Generation of deoxygenated haemoglobin and 2,3-bisphosphoglycerate mutase activity are some of the dynamics of erythrocytes metabolism likewise in SCD. Based on molecular docking conducted with rutin on deoxy-haemoglobin and 2,3-bisphophoglycerate mutase, a strong chemical interaction that successfully bind with the receptors occupying their catalytic sites was observed. Biochemical increase in deoxyhaemoglobin and 2,3-bisphophoglycerate mutase levels have been implicated in SCD (Imaga, 2013; Poillon et al., 1995; Rowley et al., 2014) . Thus, targeting these proteins as clearly discovered from our in-silico studies might provide a viable strategy in combating and managing SCD in addition to offering a sign on the possible antisickling effects of rutin. This can be rationally supported based on the results from our previous study that flavonoids undoubtedly had a strong attraction to proteins via hydrophobic and hydrophilic interactions . By implication, this might have exposed rutin's predisposition to allosterically bind to haemoglobin leading to possible adjustments on oxygen's affinity to haemoglobin thereby increasing cooperativity, favouring oxygenation buttressed by the observed sequestrating effects on 2,3-bisphophoglycerate mutase.
Interestingly, pre and post-treatment with rutin decreased the number of sickle erythrocytes signifying a shielding and restorative role of rutin against sickling. Arguably, the sickling process in SCD patients is characterized by unceasing polymerization of erythrocytes due to oxidative stress in addition to insufficient oxygen supply distinctive of sickle erythrocytes (Erukainure et al., 2017; Imaga, 2013; Poillon et al., 1995) . The antioxidant properties of rutin can help defend against oxidative stress that further enhances the stability of erythrocyte membranes Nafees et al., 2015) . This come to an agreement with previous studies which showed that treatment with rutin frustrated oxidative stress levels in treated experiments relative to non-treated controls . Changes in the functional chemistry may as well be connected with membrane stabilizing effects of rutin currently observed bearing in mind that, erythrocytes akin to other cells composed of lipids, proteins and carbohydrates at membranous and non-membranous levels. Rutin has also been reported to have high bioavailability that enhances its antioxidant properties as currently observed based on the decreased in lipid peroxidation and increased in GSH, CAT and SOD . Equally, treatment with rutin has been reportedly associated with anti-inflammatory and protein stability effects which may be beneficial in battling SCD associated oxidative stress, inflammation and decreased haemoglobin S stability (Nafees et al., 2015) . This can ease and conceivably converses excruciating vaso-occlusive actions characterized by endothelial dysfunction and initiation of inflammatory and coagulation pathway lately designated in SCD (Erukainure et al., 2017; Macharia et al., 2018; Sani et al., 2015) .
Conclusion
The antisickling effects of rutin may be associated with modulation of deoxy-haemoglobin, 2,3-bisphosphoglycerate mutase, and changes in functional chemistry of sickle erythrocytes. Future studies are needed to understand whether rutin or its derivatives/metabolites (such as glucuronide/sulfate metabolites of rutin and quercetin) are the really effectors. Equally, studies are needed to measure the levels of deoxy-haemoglobin, 2,3-bisphosphoglycerate mutase in vitro vis-a-vis an in vivo contribution of rutin in SCD models. Similarly, studies on rutin possible toxicological effects and rutin-rich dietary intervention in experimental animal and people living with sickle cell anaemia would be necessary. A. Muhammad et al. Heliyon 5 (2019) e01905 
